Abstract. Three-dimensional printing (3DP) has drawn a lot of attention in recent years. With the rapid advancement of 3DP, its application has evolved from mechanical structural components to functional devices. Lithium-ion battery is one of the most important energy storage devices which has tremendous impact on modern society. However, current lithium-ion battery technologies are facing great challenges from the emerging applications. The application of 3DP in lithium-ion battery may provide a new technology solution. The present paper started with the current structure and manufacturing technology of conventional lithium-ion battery and its disadvantages in fulfilling emerging applications was discussed. Afterwards, 3D lithium-ion battery was proposed and its advantages were discussed. The progress on the application of 3DP in 3D lithium-ion batteries is given and the future development of 3D-printed lithium on batteries were discussed.
Introduction
Additive manufacturing, also known as 3D printing, has attracted a lot of attentions in the past few years. Until now, many types of materials including metallic materials, plastics, photosensitive resins, ceramics and composite materials have been developed and used in 3D printing. With the advancement of 3D printing, its application has been extended from structural components to functional materials and devices. For example, 3D bioprinting has been intensively studied to fabricate biomaterials/cells and other biomolecules into artificial tissues and organs which is important to future medicine. 3D printing has proven to be a versatile and powerful tool for complex 3D architectures which is crucial to many applications. One of the most important advantages recently recognized is the impact of 3D printing on design which gave birth to the additive manufacturing-enabled design theory and methodology. With the aid of 3D printing, the manufacturing constraints have largely been alleviated and design freedom has been greatly enhanced. Recently, many scientists have been attracted by the possibility of improving functional device performance by new designs based upon 3D printing among which 3D-printed lithium-ion batteries have drawn a lot of attention. Lithium-ion batteries have become the most important energy storage devices in recent years due to its high energy density, high voltage, safety and cycle performance. However, current lithium-ion battery technologies now face great challenges in several important applications including powerful lithium-ion batteries for vehicular applications and micro lithium-ion batteries for MEMS components. 3D printing may provide a solution to tackle some of the current limitations. The present paper discusses the current designs and manufacturing technologies of lithium-ion batteries and its limitations, the concept of 3D lithium-ion battery and its advantages and the current research progress on the manufacturing of 3D lithium-ion batteries by 3D printing.
Conventional Lithium-ion Battery Design, Manufacturing Technology and Limitations
The lithium-ion battery consists of cathodes, anodes, electrolyte and separator. During the repetition of charging and discharging, the electrodes undergoes a redox reaction of intercalation/ deintercalation of lithium-ions. Since the electrolyte only allows lithium-ions to pass through, the lithium-ions are repeatedly transported between the cathode and anode inside the battery, while electrons are transported by the external circuit. At present, there are four basic structural designs of lithium-ion batteries: cylindrical, coin, prismatic and thin and flat designs as shown in Fig.1 . [1] Although the shapes are different, but fundamentally the same, the cathodes, anodes and separator are layer-stacked or winded with the components parallel to each other. The lithium-ions are transported in one-dimension between the cathodes and anodes. Usually, there are many steps to manufacture conventional lithium-ion batteries including slurry preparation by mixing, roller coating of slurry on the current collector, drying, rolling, cutting, stacking or winding, electrolyte injection and packaging, et al. The cathode plate consists of a 10µm~20µm aluminum foil with slurry coated on both sides and the anode plate consists of a 10µm~20µm copper foil with slurry coated on both sides. The total thickness of the cathode and anode plate is 120µm~150µm at most. During charging and discharging, lithium-ions transportation has important impact on the power density and rate performance of lithium-ion batteries. [2] Present commercial lithium-ion batteries are two-dimensional in nature which leads to the compromise between energy density and the power density. To improve the energy density, the amount of active materials should be as much as possible, since the battery capacity is related to the total amount of the active materials participated in the electrochemical reaction, however, with the increase of thickness, the transportation distance of lithium-ions also increases, resulting in the decrease of power density and poor rate performance.[3] Therefore, energy density and power density is contradictory in conventional two-dimensional battery. [4] These limitations are particularly important for microbatteries with the volume of 1 ~ 10mm 3 typically used in micro-electromechanical systems (MEMS), micro sensors, micro actuators and micro-biomedical devices, etc. [5] Miniaturization of the component have made tremendous progress, however, little progress has been made on the miniaturization of batteries which has become the key challenge of the micro devices and systems. Table 1 lists some typical applications demonstrating the comparation between the device volume and battery volume. Apparently, the volume of the battery is much larger than the volume of the device limitating the further miniaturization of the whole system. Therefore, how to achieve the miniaturization of lithium-ion batteries has become an important topic. The key issue is to meet the requirements of both energy density and power density in a limited space. For conventional 2D lithium-ion batteries, the only way to increase energy is to increase the footprint area due to its limited thickness. However, the increase of footprint area has adverse impact on the miniaturization of the battery. At present, commercial thin film lithium-ion batteries are the most commonly used batteries for microdevices. The structure of thin-film lithium-ion batteries is shown in Fig. 2 [4] . All the thin film layers are prepared by sputtering or evaporation methods used in semiconductor or optical industry including magnetron sputtering, pulsed laser deposition, electron beam evaporation, and Chemical vapor deposition, etc al. Table 2 illustrates some typical commercial thin-film batteries produced by several companies. It can be seen that the length and width of is 10 times or more than the thickness and the thickness is less than 0.5mm. the Take EnerChip TM series produced by Cymbet as an example, the capacity of CBC050 is 10 times of CBC005, and its footprint area is also increased by 10 times maintaining the thickness of 0.2mm. Therefore, the success to miniaturization is to reduce the footprint area by increasing the areal capacity (currently 0.1mAh.cm -2 ) which is very difficult for conventional designs. 
Three-Dimensional Lithium-ion Battery and Its Advantages
Three dimensional lithium-ion battery is configured in 3D which is composed of 3D electrodes, while not 2D electrodes. Typical 3D lithium-ion battery structures are shown in Figure 3[9] . Among them, a) is an array of interdigitated cylindrical cathodes and anodes, b) is an interdigitated plate array of cathodes and anodes, c) is a rod array of anodes coated with electrolyte with the remaining free volume filled with cathode materials, d) is an aperiodic "sponge" architecture. As shown in Figure 4 , the thickness of the battery is T 2D for conventional 2D configuration and T 3D for 3D configuration. As discussed above, T 2D is limited due to the transport distance of Lithium-ions. For 3D configuration, the transport distance of lithium-ions remains constant with the increase of battery thickness. Due to this difference, the energy of 3D lithium-ion battery can be improved by increasing the battery thickness without sacrificing the power density. This offers a new route to improve battery performance in addition to increasing the footprint area which is very beneficial for battery miniaturization. Another advantage is the increase of electrode surface area. As for the same footprint area, the total electrode surface area of 3D lithium-ion battery is several dozen times of 2D lithium-ion battery. The increase of electrode surface area can effectively reduce the current density and polarization which is very important to battery performance.
Although the above advantages are attractive, the development of 3D lithium-ion batteries has been slow due to the manufacturing difficulties. Presently, researchers are trying a variety of tools to fabricate novel 3D lithium-ion batteries including electrodeposition, lithography, atomic layer deposition and various template synthesis methods. Some impressive results have been achieved. However, the manufacturing technologies are complicated, expensive and time-consuming which has been a main challenge for 3D lithium-ion batteries. Therefore, a simple, effective and low-cost manufacturing technology is crucial.
3D printing, considering its strengths in fabricating complex 3D architecture, may have great potential to tackle the issue. With the high flexibility, repeatability and the falling cost, it is logically convincing to use 3D printing to manufacture 3D lithium-ion batteries. 
Progress on 3D-printed Lithium-ion Battery
To the best of our knowledge, there have been three research groups who have published results in 3D-printed lithium-ion batteries including the J A Lewis group from Harvard University, the Liangbing Hu group from Maryland University, the Feng Pan group from Peking University.
J A Lewis et al. developed a high-resolution 3D printing technology based on pneumatic direct writing. LiFePO 4 (LFP) and Li 4 Ti 5 O 12 (LTO) inks were prepared by dispersing the LFP and LTO nanoparticles into a solution composed of deionized water, ethylene glycol, glycerol, and cellulose-based viscosifiers via multi-step process that involves particle dispersion, centrifugation, and homogenization. The rheological properties were measured and optimized to improve the printability. Both inks were printed onto a glass substrate with current collectors. The size of the printed 3D lithium-ion battery was 960µm×800µm with electrode width of 60µm and spcing of 50µm (shown in Figure 5) . A 8-layer and a 16-layer battery were printed to investigate the difference. Electrochemical performance was measured and the results showed that the areal energy density was 9.7J·cm -2 and the areal power density was 2.7mW·cm -2 . However, due to the absence of conductive additives, the electrical conductivity of electrodes printed by J A Lewis was very low (10 -4 to 10 -6 S·cm -1 ) which significantly limited the electrochemical performance of the battery. Therefore, the Liangbing Hu group used graphene-oxide (GO) as an additive to improve the electrical conductivity. GO-based LFP and LTO composite inks were prepared as the cathode and anode materials. In addition, a solid-state electrolyte ink composed of a mixture of poly (vinylidene fluorid)-co-hexafluoropropylene (PVDF-co-HFP) and Al 2 O 3 nanoparticles was also prepared and served as the separator and electrolyte. The printing process is shown in Figure 6 . Using a extrusion-based 3D printing technology, a 3D lithium-ion battery with the size of 7mm× 3mm was fabricated with a layer thickness of 180µm (shown in Figure 7 ). Electrochemical performance showed that an impressive specific capacity of 160mAh·g -1 and 170 mAh·g -1 can be obtained at 1/18 C which is close to its theoretical values. To achieve high capacity and rate performance, Feng Pan et al. developed a LiMn 1− x Fe x PO 4 @C nanocrystal cathodes using carbon coating and Mn doping. The printing process is shown in Figure 8 . By doing so, impressive electrochemical performance was obtained: a capacity of 108.45 mAh· g -1 at 100 C and a reversible capacity of 150.21 mAh· g -1 at 10 C after 1000 cycles. From the above results, it can be seen that 3D printing is a very powerful tool to fabricate 3D lithiumion batteries and showed great potential in improving battery performance.
Discussion
Although there have been several demonstrations on the application of 3D printing in lithium-ion batteries and impressive results have been obtained. 3D-printed lithium-ion batteries are still in its infancy and the technology needs to be further studied and improved. To our knowledge, we believe that there are three main aspects that require further investigation.
Slurry Preparation and Optimization for 3D Printing
For 3D printing, the printing materials are very important. To obtain a complete lithium-ion battery, three main components are required including the cathode, anode and separator/electrolyte. The first step toward 3D-printed lithium-ion batteries is to obtain slurries with suitable rheological properties which is crucial to its printability. The printability of slurry can be adjusted by varying the compositions and component ratio. In addition to printability, the impact of slurry composition and component ratio on the electrochemical performance of the printed battery should also be seriously considered. However, current research has focused on its printability while ignoring the electrochemical performance. Future slurry preparation should be optimized to meet both requirements.
Printing Technology and Machine with Improved Resolution
Current 3D-printed lithium-ion batteries were printed using pneumatically driven direct writing technique. The printed electrode line width, spacing and height have important influence on the electrochemical performance of the printed battery. The printing technology and machine play a decisive role in the ultimate resolution of printed battery. Therefore, it is necessary to develop new printing technologies and machines with enhanced resolution to further explore the potential in improving battery performance.
Design Optimization for Battery Performance
As the design of lithium-ion battery evolves from 2D to 3D, the design theory and method of 3D lithium-ion battery toward optimal electrochemical performance is a major concern. The impact of macroscopic features including shape, size and characteristic dimensions on electrochemical performance should be systematically studied and design guidelines should be revealed. In addition to macroscopic features, microscopic features including microstructures, pore size and distribution also have significant influence on the electrochemical performance. Revealing the impact of these microscopic features is also crucial to the improvement of battery performance. However, the impact of both macroscopic and microscopic feature has been seldomly studied where more attention and efforts should be paid.
